The vertebrate brain is an immensely complex structure, which exhibits numerous morphological and functional asymmetries. The best described brain asymmetries are found in the diencephalic epithalamus, where the habenulae and the dorso-laterally adjacent pineal complex are lateralized in many species. Research in the past decade has shed light on the establishment of the laterality of these structures as well as their asymmetry per se.
Introduction
Like in many vertebrates, the evolutionarily highly conserved habenulae and the pineal complex in the dorsal diencephalon of zebrafish are formed asymmetrically Concha and Wilson, 2001) . Influenced by Nodal and FGF signaling parapineal cells (pp) migrate out from the medially positioned pineal complex to the left side of the brain and send out ipsilateral axonal projections to the left habenula (Concha et al., 2003; Gamse et al., 2003; Halpern et al., 2003; Regan et al., 2009 ). The bilaterally established habenulae are composed of the symmetrically formed ventral and dorsal habenula nuclei (Fig. 1) . Within the dorsal nucleus, at least two differently large habenula cell subpopulations can be distinguished: the lateral and the medial subnucleus (Aizawa et al., 2005; Gamse et al., 2005) . Left/right habenular asymmetry is based on the differences in neuron number and organisation within these subnuclei. Moreover, the habenulae differ in their neurochemistry and connectivities. For instance, efferent axons from the left habenula project predominantly to the dorsal interpeduncular nucleus (IPN) in the ventral midbrain, while right habenula efferent axons innervate the ventral IPN ( Fig. 1 ; Aizawa et al., 2005; Bianco et al., 2008; Carl et al., 2007; Gamse et al., 2005) .
The laterality of pineal and habenula asymmetry is always concordantly established and more than 90% of fish show consistent left sided pp cell migration and a stereotype development of habenula asymmetries (Concha et al., 2000; Roussigne et al., 2011) .
Several genetic pathways involved in the establishment of lateralization and asymmetry per se have been identified. Amongst those are the Nodal, the FGF as well as the Notch signaling pathway (Roussigne et al., 2011) . One pathway that appears to influence a multitude of decisions regarding these processes is the Wnt/beta-catenin pathway (Beretta et al., 2012; Carl et al., 2007) .
Early Wnt signaling during late gastrulation
Nodal signaling has evolutionarily conserved roles in the development of organ asymmetries (Hamada et al., 2002 (Tian and Meng, 2006) . In zebrafish, the earliest Nodal gene expressed asymmetrically is southpaw (spw) in the left lateral plate mesoderm (LPM) starting at mid-somitogenesis stages (Long et al., 2003) . Spw mediated signaling not only determines the laterality of internal organs but is also crucial for the left sided expression of Nodal pathway genes such as lefty1, cyclops and pitx2 in the developing diencephalon at late somitogenesis stages. These genes influence the laterality of neuroanatomical asymmetries and habenula neurogenesis (Concha et al., 2000; Halpern et al., 2003; Roussigne et al., 2009) . Thus, the laterality of Nodal gene expression in the LPM and the brain is coupled and determines the laterality of viscera, heart and brain asymmetries.
The so far earliest reported function of the Wnt/betacatenin pathway during the establishment of brain asymmetries is during gastrulation stages long before the expression of spw in the LPM ( Fig. 2 ; Carl et al., 2007) . Axin1 is a known inhibitor of this pathway and functions in the anterior neural plate (ANP) (Houart et al., 2002) . Embryos carrying a mutation in this gene (Heisenberg et al., 2001 ) exhibit the loss of Nodal gene asymmetry in the brain but not in the LPM (Carl et al., 2007) . Consistent with the timing of Axin1 function, the transient inhibition of the Wnt/beta-catenin pathway with LiCl at late gastrulation stages mimics the mutant phenotype. Thus, the early activation of Wnt signaling in cells giving rise to asymmetric body structures other than the brain does not influence their subsequent positioning. Indeed, epistasis experiments demonstrated that Axin1 mediated signaling acts independently of spw signaling from the LPM (Carl et al., 2007) . It is still a challenging question how presumptive brain cells, which received an overdose of Wnt signaling at this early stage of development, come to express Nodal genes on both sides of the diencephalon about ten hours later at late somitogenesis.
It is likely that early Wnt activity does not directly influence Nodal gene expression, but that it represses a repressor of Nodal. An excellent candidate is the Six3 transcription factor, a Wnt downstream gene (Lagutin et al., 2003) , which acts at about the same stage in the ANP (Carl et al., 2002) . Very similar to embryos with overactive Wnt signaling, the loss of Six3 function results in bilateral Nodal gene expression exclusively in the brain (Inbal et al., 2007) . These findings lead to the hypothesis that Wnt/beta-catenin signaling may repress Six3 in the ANP at late gastrulation stages, which in turn represses Nodal gene expression (Sagasti, 2007) . This repression is relieved on the left side at subsequent stages through the action of spw in the LPM ( Fig. 2; see Section 2).
Wnt signaling during somitogenesis
Signaling from the Kupffer's vesicle (KV) or node in higher vertebrates regulates the asymmetric expression of spw in the left LPM (Essner et al., 2005; Tabin, 2006) . Rotating cilia in this circular, transiently established structure underlying the tailbud generate a left-sided flow of morphogens and ions such as Ca2+. Perturbations of cilia function or KV development results in randomised Nodal gene expression and consequently body and brain laterality. One example for pathways involved in KV development and organisation is again the Wnt/betacatenin pathway (Fig. 2) . Recent research has shown that Wnt signaling regulates development of the KV as well as ciliogenesis via the transcription factor Foxj1 (Caron et al., 2012; Lin and Xu, 2009; Schneider et al., 2010) . Aberrant Wnt signaling results in altered KV development and consequently a randomisation of asymmetrically placed organs.
The role for Wnt signaling in KV mediated left-right axis determination appears evolutionarily conserved. Mice mutant for the Wnt/beta-catenin pathway specific ligand Wnt3a exhibit aberrant Nodal gene expression and subsequent randomised organ positioning across the midline (Nakaya et al., 2005) . Based on the reduced expression of the Ca2+ gating polycystin 1 gene in Wnt3a mutants, Nakaya and colleagues suggested a role for Wnt3a in the symmetry breaking event of cilia function in the mouse node (Nakaya et al., 2005) .
In zebrafish, the KV is starting to regress at mid-somitogenesis stages (Essner et al., 2005) . However, also at this stage the activation of Wnt/beta-catenin signaling results in bilateral or reversed Nodal gene expression in the LPM and concordantly the brain (Carl et al., 2007) . Nodal genes are downstream targets of Wnt signaling in various developmental contexts but the mechanism of this KV independent event during the establishment of Nodal gene asymmetry still remains to be uncovered. Based on the finding that lefty genes expressed in the embryonic midline suppress the spread of Nodal gene activation between the two sides (Ohi and Wright, 2007) it is possible that Wnt signaling influences this barrier in a so far unknown manner. In addition to its role in regulating general laterality, Wnt signaling appears to also influence the competence of cells to respond to asymmetric cues, for instance in the heart field via the regulation of Gata4 (Lin and Xu, 2009 ).
4.
Late Wnt signaling during postsomitogenesis stages
The dorsal habenulae (dHb) consist of differently large lateral and medial subnuclei, which are generated from pools of precursor cells on either side of the brain. BrdU labelings raised the hypothesis that at stages after somitogenesis (pharyngula) the precursors on the left side start to proliferate earlier compared to those on the right (Aizawa et al., 2007) . Subsequently, cells of the lateral (dHbl) and medial habenula (dHbm) are generated during two timely partially overlapping differentiation waves. The final outcome of these events is an equal number of dorsal habenula cells on either side with more early born dHbl cells on the left and more later born dHbm cells on the right side of the diencephalon (Fig. 1) . These differentiation steps rely on functional Notch signaling (Aizawa et al., 2007) . The abrogation of this pathway in mindbomb/ubiquitin ligase mutants (mib) (Itoh et al., 2003) results in symmetric double left sided habenulae with increased numbers of dHbl cells on the right compared to wild type embryos. In these mutants, the early differentiation wave generates equal numbers of dHbl cells on either side leaving only few precursors to differentiate into dHbm cells at subsequent stages. Conversely, the overactivation of Notch signaling causes a delay in habenula cell differentiation. Therefore more later born dHbm cells are generated on the left compared to wild type embryos and both habenulae exhibit symmetric right sided character (Aizawa et al., 2007) . Despite the notion that the Notch signaling downstream gene her6 shows a slight right biased upregulation of its RNA, it remains unclear how seemingly symmetric Notch signaling accounts for differences in habenula cell differentiation across the midline. One possible explanation for this phenomenon may be that unknown factors from pp cells located in close vicinity to the left habenula influence the differentiation of early born dHbl cells on this side and therefore imposes asymmetry on the habenulae. Laser ablations of pp cells result in double right sided habenulae (Bianco et al., 2008; Concha et al., 2003; Gamse et al., 2003) . However, it remains to be investigated whether Notch signaling occurs within differentiating habenula cells or adjacent structures and acts independently of signaling from pp cells. This is a challenging task as mib mutants, which would be needed for such experiments, exhibit pleiotropic defects and do not develop until habenula development is completed.
The Wnt/beta-catenin pathway is not only regulating asymmetric Nodal gene expression and therefore the laterality of asymmetrically formed brain structures. Wnt has also been shown to influence the establishment of habenula asymmetry per se ( Fig. 2; Carl et al., 2007) . Excess Wnt signaling in masterblind/Axin1 (mbl) mutants causes the loss of habenula asymmetry. Similar to embryos, in which pp cells are missing or do not migrate properly (Snelson et al., 2008) or to those with overactivated Notch signaling, mbl mutants exhibit symmetric habenulae with right sided character. Intriguingly, the pp cells in these mutants frequently migrate to the left side of the brain. This suggests that Wnt signaling may act within habenula cells allowing them to receive input from pp cells. Alternatively, Wnt may act in pp cells or permissively in adjacent brain areas to allow pp cell-habenula interactions. It also remains to be determined when during habenula development Wnt is acting and which process Wnt signaling is involved in. Given the similar habenula phenotypes of embryos with upregulated Wnt or Notch signaling, it is possible that like in a number of other developmental processes these pathways are epistatically related during establishment of habenula asymmetry (Agathocleous et al., 2009; Hayward et al., 2008; Muñ oz-Descalzo et al., 2011; Nakaya et al., 2005) .
Concluding remarks
Wnt/beta-catenin signaling plays a central role in the establishment of body and brain asymmetries and their laterality. Tools and resources are now readily available to further dissect the genetic interactions with other pathways in these processes. Wnt signaling may not only influence the generation of habenula asymmetry in the brain but also of other neuroanatomical asymmetries. For instance, the habenulae are asymmetrically innervated by axons from the pallium and the olfactory bulbs (Hendricks and Jesuthasan, 2007; Miyasakan et al., 2009 ). Even if Wnt may not be directly involved, it will be intriguing to elucidate the innervation pattern of inversed and symmetric habenulae.
Past research has demonstrated that zebrafish is a useful model for the study of functional brain lateralisation (Barth et al., 2005; Facchin et al., 2009 ). The knowledge acquired on the genetic basis of brain laterality and asymmetry now allows to generate embryos with inversed brain (and body) laterality or symmetric brains. In combination with exponentially increasing resources such as genetically encoded reporters for neural activity (Beretta et al., 2012; Del Bene and Wyart, 2011) this opens frontiers to relate habenula function to the laterality of asymmetries and asymmetry per se.
Furthermore, these genetic studies in model organisms may provide important clues as to signaling pathway related syndroms in humans. For instance, both habenula function and Wnt signaling have been linked to schizophrenia Hikosaka, 2010; Stefansson et al., 2009 ) and it will be exciting to investigate potential connections.
